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ABSTRACT: While (111)-dominated perovskite films hold potential for high-stability
solar cells, most studies have primarily focused on modulating the (111) facets,
overlooking the distribution and formation mechanism of the non-dominant (100)
facets. In this study, we delve into (111) orientation via solvent regulation and
investigated the evolution of facet distribution using various diffraction techniques.
The findings reveal that simply stacking (111) facets does not inherently enhance
solar cells; Instead, the distribution of non-dominant (100) facets in (111)-dominated
films significantly influence both photoelectric property and stability. These
observations highlight the critical need to manage the interplay between dominant
and non-dominant facets. The study further offers strategies for addressing facet
heterogeneity to achieve uniform facet distribution. This research provides a
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comprehensive framework for understanding (111)-dominated perovskites and offer

valuable guidance for designing high-performance perovskite solar cells.

1. INTRODUCTION

Orientation management of

perovskites has garnered significant
attention in recent years and has been
widely applied in photovoltaic devices.?
In principle, the (111) facet offers better
resistance to  moisture, providing
superior environmental stability.? Early
research for two-step methods typically
(111)

were  still

produced films with a strong
peak,
considered randomly oriented rather
than (111)-dominated due to their
existing (100) peak and poor device
Recent studies using

diffraction which

performance.?*
wide-angle X-ray scattering (GIWAXS) to
(111)-dominated
films have revealed that the (100) facets
persist and cannot been completely
eliminated.>® These studies generally
believed that these (100) facets do not
negatively impact solar cell performance

confirm perovskite

and that the dominant (111) orientation
ultimately enhances power conversion
efficiency (PCE). The
(111)/(100) facet proportions observed
in both early and recent studies suggest
that the impact of non-dominant (100)

comparable

facets requires deeper investigation.
Additionally, the limited
(111)

hindered the development of universal

reports on
tunability of orientation has
two-step methods for (111)-dominated
perovskites, emphasizing the need for a
comprehensive framework to understand
facet growth.

Here, we achieved a series of
(111)/(100) proportions by

adjusting the solvent ratio in the Pbl;

facet

precursor, revealing that facet
distribution in the two-step method is
related to solvents and intermediate
phases. Ultimately, the (111) dominance
depends on the intensity of Pbl, in the
first deposition step, owing to parent-
From the (111)-
obtained, we
discovered that stronger (111) peaks or
a higher (111)/(100) facet proportions do
not necessarily correspond to higher
PCE. Instead, it is the overlooked
distribution of coexisting non-dominant
(100) facets that plays a critical role in
performance. Compared to
previous studies that mainly focused on
the out-of-plane stacking of (111) facets,
we employed a series of diffraction
techniques to
comprehensively analyze the vertical
distribution of (111) and (100) facets. It
was found that in (111)-dominated films,
(100) facets are not randomly
distributed, but enriched at the top and
bottom surfaces,
gradient hetero-facet structure. This
unique (111)-(100) textured distribution
ultimately induces band
alignment and contributes to the
instability of the device. Gaining insights
into this aspect is a key for deciphering
mechanisms and
comprehending the facet heterogeneity
in perovskite films. Additionally, the
charge pitfalls facet
heterogeneity are not sensitive to the

child mechanism.
dominated films we

device

accurately and

forming a vertical

uneven

facet distribution

caused by

facet proportions or facet quantity but
rather are closely related to their vertical
distribution. Finally, we suggested that



this issue can be tackled with a fine-

tuned composition regulation,

establishing a coherent relationship
between the facet distribution and the

device performance.

2. RESULTS AND DISCUSSION

Construction of (111)-Dominated
Orientation

To achieve tunable facet orientation,

we employed a solvent regulation
strategy. By altering the
(DMSO)

conventional Pbl; precursor solution, we

dimethyl

sulfoxide amount in the

found that solvent amount regulation

significantly affected the proportion of
(111) peaks (Figure 1A). This explains
the inconsistency in XRD patterns of
control films across different studies, as
DMSO amount varies in each case. By
keeping the total solvent amount
constant and partially replacing DMSO
with N-Methyl pyrrolidone (NMP), we
were able to achieve a range of
(111)/(100) facet proportions, with a
prominent (111) diffraction peak is
clearly observed at a DMSO:NMP ratio of
1:1, as shown in Figure 1B. The ratios of
DMF:DMSO:NMP varied from 910:90:0 to
910:45:45, with the

changes in crystal sizes and

corresponding
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Figure 1. (A) XRD patterns for perovskite films with varied DMSO amounts. (B) XRD
patterns for perovskite films with varied ternary solvent ratios. (C) Integral intensity




ratios of (111)/(100) and peak intensity of Pbl, with varied NMP amounts. (D) Peak
intensity variation for both intermediates and Pbl, with different NMP content. Pole

figure measurements along the (E, G) (111) facet and (F, H) (100) facet for the control

and target films.

morphology detailed in Figures S2-S3
and Table S1.

Here, we used the solvents with
DMF:.DMSO:NMP = 910:90:00 as the
control condition, and DMF:DMSO:NMP =
910:45:45 as the target condition. To
discuss the impact of solvent on facet
orientation, XRD was performed on Pbl,
and perovskite films with varying NMP
proportion (Figure 1B, and Figure S4).
The control film showed strong peaks of
(111)FAPbI3,
consistent with previous reports,” which
is commonly regarded as a random
distributed films with high (111) facet
proportion. The XRD pattern of the
target film is dominated by the (111)
facet, with an intensity about five times
greater than that of the (100) facet.
Figure 1C further suggests that the
preferred  perovskite
closely tied to the main lattice of first-

residual Pbl2  and the

orientation is

step Pbly, in line with literature reports.®
The crystallographic alignment between
(001)po. and  (111)eapois,
Figure S5, minimizes lattice mismatch
energy, promoting the parallel growth of
the (111) facet on (001)e,,. Moreover,
the first-step Pbl, peak depends on the
solvent and intermediate phases, as
depicted in Figure 1D. Further diffraction
analysis of the solvent intermediates
reveals that the XRD peak at ~8.1°
corresponds to the Pbl,+0.5DMF+«0.5NMP
intermediate phase,® with intensity
depending on solvent ratio in Figure S6.
It can be seen that the crystallinity of

as shown in

Pbl, depends on the crystallinity of

Pbl;«0.5DMF«0.5NMP.  The
method is a sequential

two-step
deposition
process, making it natural to associate
films with specific (111) orientations with
the adjustment of Pbl, films during the
step. Since solvent
affects the Pbl;
solution in this step, it is also closely

first deposition
regulation directly
linked to the formation of solvent-
phases.
Additionally, operational conditions also

mediated intermediate
influence the orientation, as shown in
Figure S7.

The difference between the control and
target films lies in
crystallinity of the (111) peak in the
latter. The (111)/(100) facet proportion is
slightly higher in the target films. To
further confirm the (111)-dominance of
the target film, pole figure
measurements were conducted (Figure
1E-1H, and Figure S8). Figure S9
provides schematic examples illustrating
the relationship between pole figures
and crystal orientations. In an out-of-
plane (111)-oriented film, the (100)
diffraction ring appears at 54.7° (the

the enhanced

interplanar angle y), and vice versa.'®
The control film exhibits a random
orientation because both the (111) and
(100) diffraction rings produce at the
center. This is a clear demonstration that
in the target films, the (100) diffraction
ring at 0° weakens, while the (100)
diffraction ring shifts towards 54.7°,
indicating a transition from a random
preferential (111)
Besides, centered

distribution to a

orientation. more
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diffraction signals indicate stronger
preferential orientations, which confirms and Figure S10),
that the target films are (111)-

dominated, as evidenced by almost a
central diffraction point signals in the
target sample.!

Analysis of Non-Dominant (100)
Facet Distribution

in a
PCE

While NMP assistance resulted

(111)-dominated structure, the

changed in the opposite way (Figure 2A
where the target
perovskite solar cells (PSCs) show an
average PCE of only 18.1%, compared to
19.7% for the PSCs. This
suggests that other critical factors are
limiting the photovoltaic performance of
PSCs. The specific
photovoltaic parameters are shown in
Figure S11.

control

variations  of

Figure 2. (A) The PCE distribution of PSCs with varied NMP amounts, compared to the
(111)/(100) ratio variation. (B) The intensity of the (111) and (100) peaks with varied
NMP amounts. (C) Schematics show two typical GBs defects that exist in the target

film, and corresponding TEM images of the GBs defects (scale bar: 5 nm).

(D, F)

Radially integrated intensity plots along the FAPbIs-(100) ring of the control and target

perovskite films.

(E, G) The 1D GIWAXS of the two films derived from the

corresponding 2D GIWAXS patterns. The schematic illustrations between random (H, 1)
and (111)-(100) orientations (J, K) with ITO substrate, and the corresponding selected
area electron diffraction (SAED) patterns (scale bar: 10 1/nm).

As observed in Figure 2A, The trend in
PCE variation appears to be almost
inversely correlated with the (111)/(100)
investigate the

ratio. This led us to

overlooked (100) facets. Most (111)-
dominated films inevitably contain some
(100) facets, and it was previously
believed that these (100) facets would



not significantly affect device
performance, with the dominant (111)
orientation expected to enhance PCE.
However, in this work, it seems no
longer to be the case. From Figure 2B
and Figure S12, the peak intensities of
(100) gradually

suggesting that NMP enhances the

facets increase,
crystallographic structures of both (111)
and (100) facets in the target film, with
(111) being favored, ultimately resulting
in a (111)-dominated orientation with
(100) Transmission

microscopy (TEM)
identifies two types of grain boundary

mixed facets.

electron clearly
(GB) defects in the target film caused by
facet heterogeneity between (111) and
(100) facets: stacking faults and edge
dislocations.!? These defects may act as
charge recombination centers, trapping
free charges, together contributing to
reduced device performance.

Based on the analysis of the existing
(100) facets, we need to reconsider the
Both XRD and pole
figures reflect the overall distribution,
which is clearly insufficient for a detailed
understanding. Here, we employed
GIWAXS to study the distribution of
crystal facets along the vertical direction
by adjusting the incident angle, enabling
surface and bulk-level investigations
(Figure S13). The depth-dependent
preferential orientations in the films are
better visualized in Figure 2D and 2F.
Both films show streaks at 36° and 144°,
but the target film has stronger streaks
in both the surface and bulk, indicating a
(111)-dominated orientation. While the
(111) orientation remains unchanged at
the surface, the Pblz diffraction ring
disappears, and the (100) plane at 90°
exhibits an reversal. This

diffraction data.

intensity

suggests that from bulk to surface, (100)

facets strengthen as (111) facets
weaken, leading to (100) facet
enrichment at the surface. The 1D

GIWAXS spectra exhibit the same trend
(Figure 2E and 2G). While the Pbl; peak
in the bulk of the target film is
substantially higher, it almost disappears
at the surface, creating conditions for
the (100) facet to become enriched at
the surface by suppressing the epitaxial
growth of the (111) facet through Pbl.
Although the control film exhibits a
random orientation, it has a more
uniform distribution between the surface
and bulk in
compared to the target film. This proves

the vertical direction
that the key factor in improving PCE is
not the dominant orientation but the
uniform distribution of facets within the
film.

The differences in orientation between
the two films can be better understood
through the schematic illustrations in
Figure 2H-2K.  Randomly
stacking is less compact, often leading
to vacancies and voids, as detailed in
Figure S14. The target film represents a
hybrid orientation, predominantly (111)
with non-dominant (100) facets. Bright-
field TEM images reveal tightly packed
stacking, but the SAED patterns show
of diffraction spots. The
(100) facet stacking
mismatch with those of (111) facet
stacking, leading to significant GB
defects, which have an immeasurable
impact on the photovoltaic properties.

oriented

two sets
domains of

Mechanism of Facet Distribution
Relationship with
Intermediate Phase

and Its



To comprehensively shed light on the
distribution of (100) and (111) facets in
the target film, we used GIXRD to
explore the distribution of the facets
both at the upper and lower interfaces.
This revealed that (111) facets are
dominant in bulk, while (100) facets are
enriched at the surface and bottom
(Figure 3A-3F and Figures S515-516).
Figure S17 and Table S2 shows the X-ray
penetration depths at various incidence
angles. The bottom interface formation
is shown in Figure S16. At an incident
angle of 0.5°, the (111)/(100) ratio is
less than 1. As the incident angle
(111)
significantly, and the ratio gradually

increases, the peak grows
exceeds 1. In stark contrast, the control
film exhibits a consistently dominant
(111) peak from the surface to the
bottom. Combining the data from
(IPF),

evolution of

inverse pole figures we can

observe the facet
orientation. Similar to pole figures, the
pole density

concentrated pole locations in IPFs are

values and the

used to evaluate the degree of oriented
growth in the film. Higher density values
and denser pole locations indicate better
crystal orientation. Figure 3B and 3C
further confirm that films formed in a
binary solvent system exhibit random
orientations. When NMP is introduced
into the DMF/DMSO solvent system, it
initially reshuffles the facet distribution,
leading to a non-dominant configuration.
As the NMP content increases, the (111)
orientation gradually strengthens, while
the (100) facets become increasingly
enriched at the top and bottom

interfaces. The variation trend is

illustrated in Figure S18. In addition to

being (111)-dominant, the target is

better described as having a (111)-(100)
textured distribution (Figure S19).

Next,
origin in more detail. GIWAXS pattern of
the unannealed target film (Figure S20)
shows a uniform distribution between
surface and bulk, indicating that facet
distribution changes occur during the
annealing process. In Figure S6 and S21,
when the NMP ratio is low, the
intermediate phase is predominantly
Pbl2-DMSO. As the NMP ratio increases,
Pbl2-DMSO completely disappears,
transitioning to  Pbl2:0.5DMF-0.5NMP
phase. A competition exists between the

we examine the underlying

two intermediate phases, influencing the
final crystallographic orientation. This
corresponds precisely to the early-stage
shuffling process for facet
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in the
critical

distribution shown IPFs, which
highlights the the
intermediate phase in solvent regulation
(Table S3). As
during Pblz> deposition, the crystallinity of

role of

previously described,

Pblz is influenced by the crystallinity of
the Pbl2¢0.5DMF«0.5NMP intermediate
phase, while the growth of the (111)
the
crystallinity of Pbl2, forming a continuous

facet is also dependent on



regulation process. The TEM data in
Figure S22 demonstrate that with NMP
exhibits
and enhanced

intervention, Pblz improved

ordering crystallinity,

transitioning from a heterogeneous to a

transition to Pblz, promoting its
suppressing the

growth of the original (100) facets. This

crystallization while
establishes the fundamental conditions
for (111) facet dominance.

However, NMP’s role in orientation
growth is a double-edged sword.
Compared to DMSO, NMP exhibits a
strong affinity for FAI, as shown in Figure
S23 and Table S4. This
enhances the penetration of organic
salts, accelerating
exchange. Additionally, the expanded
interlayer provides
nucleation sites, favoring the formation
of the thermodynamically preferred low-
surface-energy (100) facet.!®* This
explains the presence of the non-
dominant (100) facet in the films.

Pbl2¢«0.5DMF«0.5NMP
phase
conversion of Pblz,

interaction

intramolecular

spacing more

Since the
intermediate simultaneously
promotes the
facilitating (111) facet dominance, while
also energetically favoring (100) facet
growth, its role under the target
conditions appears to be more complex.
As the result, the Pbl2¢0.5DMF«0.5NMP
intermediate phase is similarly
concentrated at the top and bottom
interfaces (Figure S24), owing to the
high boiling point of NMP (203°C). During
annealing, NMP tends to remain buried
and incompletely evaporates,
upper and

interfaces. In the second step, when

leaving
residues at the lower
organic cations are introduced into the

Pbl, lattice, NMP  facilitates the

state. The well-
Pbl2¢«0.5DMF«0.5NMP
framework acts as a

homogeneous
crystallized
crystallization
template, facilitating the

FAI:-NMP-Pbl, complex for the Ilow-
surface-energy  (100) facets.® The
enrichment of (100) facets at both the
top and bottom follows the same trend
to the NMP intermediates, leading to the
unique (111)-(100) textured distribution.
The differences in the crystallization
process are illustrated in Figure 3G.
Experimental evidence regarding the
crystallization process evolution can be
found in Figures S24-S28. Figure S29
further explores alternative solvents,
none of which exhibit the same evolution
as NMP, confirming that the unique
texture distribution arises from the
distinct intermediate phase properties of
NMP. Finally, density functional theory
(DFT) calculations demonstrate that the
(111) orientation in the two-step process

is primarily governed by kinetic factors

rather than thermodynamic control
(Figure S30).
Relationship Between Facet

Distribution and Photoelectric

Property

We now understand that the target
film does not have a
distribution, but instead displays a
specific textured distribution of facets.
The impact of facet enrichment at the
surface  and
performance
necessitating the need to correlate the
structure with

uniform

bottom on device

remains unclear,
crystal device
performance to better understand this

effect. Figure 4A-4D displays the



distribution of contact potential
(CPD) dark

illuminated conditions for the control and

difference under and
target samples. The experimental setup
is illustrated in Figure S31. The surface
photovoltage difference (ASPV = CPDgar
- CPDjignt) for the target sample (101 mV)
is lower than that of the control sample
(331 mV), indicating a relatively small
This suggests that the

accumulation of photo-excited holes at

change.

the surfaces of the target sample is
suppressed, resulting in a lesser shift in
the holes' quasi-Fermi level towards the

valence band, attributed to increased
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induced by facet heterogeneity (Figure
4E-4H). Compared to the control, the
target film exhibits better grain size and
(111)-
dominance, along with a narrower CPD
(Figure S32). In
contrast, the relationship between the

surface roughness due to

distribution stark
target surface’s energetic landscape and
morphology is
different. By calculating the correlation

surface markedly
coefficient R,}” the potential-morphology
correlation of the target sample is
increased by nearly an order of
magnitude compared to the control
sample. Two regions marked by dashed
circles in the control sample correspond
to local height valleys with flat potential
regions, while the

target sample

highlights two disordered grain

structures, appearing consistently in
both morphology and potential images.
These represent bulk defects, such as
distorted GBs or dislocations, which act

as non-radiative recombination centers.

KPFM is
perovskite film to
investigate the cross-sectional potential
distribution. As shown in Figure 4l and
4K, the control film displays a relatively
stable, straight potential curve, while the
target film exhibits a dip in the bulk of
the perovskite, with higher potential
observed at the surface and bottom
regions. By considering the
characteristics of each facet, we can
better understand this phenomenon. The
exposed halogens on the (111) facets
provide p-type doping due to negatively
charged Pb%* and MA* vacancies, while
the exposed cations on the (001) facets

Cross-sectional further

conducted in

act as n-type doping agents.!* The
gradient-mixed (100) facets at the top

and bottom form a type-ll band

alignment at both ends,?®

inadvertently
creating a significant energy potential
well. This leads to band bending on the
perovskite surface and more charge
accumulation, which explains why the
target devices experience worse device
KPFM

measurements across the bulk, surface,

performance. Surface
and buried interfaces of the target film
further confirm the existence of an
energy potential well (Figure S33). Based
on the orientation model, a
corresponding diagram of the band
alignments was constructed (Figure 4],

4L).

Relationship Between Facet
Distribution and Stability
To validate the impact of facet

distribution on the PSCs, we examined
(Vo) as a
function of scan cycles for both control
and target PSCs (Figure 5A, 5B). Herein,
influence of other

the open-circuit voltage

to eliminate the
factors, we selected two devices with
ultimate PCE,
consistent scan rate, and observed that
the overall J remained relatively stable
across increased scan cycles. The Vi

similar maintained a

generally increased with more scan
cycles, which is attributed to the light
soaking effect (LSE). 2° LSE often
generates by accumulating charge
carriers at interfaces and altering the
built-in  electric field during light
exposure. Compared to control devices,
target devices exhibited an obvious LSE,
likely due to more trap density and ion
migration, which affect device stability.
The results confirm the accuracy of the
relationship within the crystal structure
and band alignments we
established. To gain further insights, we

have



used impedance spectroscopy (IS), a
powerful technique for distinguishing
between the electronic and ionic
responses in perovskite device stacks
due to their distinct high frequency (HF)
and low frequency (LF) scales,
respectively.?r  In  Figure 5C, the
impedance spectra of the control and
target PSCs were measured across a
frequency range from 0.01 Hz to 1 MHz,
revealing two semicircles in the Nyquist
plot representing HF and LF processes.
The HF

recombination

associated with
(Rrec),
increased from 1693 Q in the control
device to 1864 Q after NMP assistance,
indicating

semicircle,
resistance

improved crystallite order.
However, the LF response showed time
constants of 207 ms and 91 ms,
suggesting intensified ion migration in
the target devices, which disrupts
response and appears
LSE.22 The Nyquist plot also
showed reduced capacitance at 10! ~
102 Hz (beyond the LF range) with a
Figure S34. This

phenomenon is commonly associated

photoelectric
visual

negative hook in

with the response of the LSE hysteresis.
In practice, the control devices with
exhibit
hysteresis in their J-V curves, whereas

randomly oriented crystals
the target devices, characterized by

pronounced facet heterogeneity and

uneven facet distribution, demonstrate
more significant ion migration, resulting
in a higher hysteresis index (Figure S35
and Table S5). Although the target
devices are predominantly (111)-facet-
oriented, the primary origin of hysteresis
stems from the inhomogeneous

distribution of non-dominant (100)

facets.

In addition, both the control and target
samples exhibit facet heterogeneity,
with an imperfect alignment between
the (111) and (100) facets. But the
orderly stacking misalignment in target
sample significant
heterogeneous grain boundaries (GBs),
as shown in the Figure 5E and Figures
S35-S36. Typically, these GBs lead to the
degradation of the a-phase into the 6-
phase when exposed to air, introducing
instability, as illustrated in Figure 5F.
Notably, under the target condition, the
transitions to an

creates

structure
unconventional 6H phase rather than the
typical 2H phase. This transformation
from 2H to the inactive 6H phase further
underscores the instability of the target
condition. The yellow-phase 6H structure
also traps phases,
introducing non-radiative
recombination sites. Detailed

intermediate
more
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against frequency. (E, F) lllustration of GBs channel with charge accumulation and 6H

b6-phase in the target film.

(G, H) 2D TOF-SIMS mapping of I

of different

unencapsulated perovskite devices aged under 1 Sun illumination for a week.

connection models are shown in Figures
S38-S39. The distinction is that the
target, enriched with (100) facets on
both the top and bottom surfaces,
experiences more pronounced
obstructions to charge transport under
light exposure, with charge accumulation
leading to more severe degradation.
Conductive atomic force microscopy (c-
AFM) on the target film (Figures S40-
S41) showed

variations, with

minimal photocurrent

increased leakage
current at grain boundaries (GBs),?
contributing to charge accumulation.?
Furthermore, EQE and PL measurements
corroborate the loss of current, providing
additional evidence (Figures S42-S43).
Furthermore, compared to the control
sample, the target sample exhibits no
significant changes in the initial
horizontal phase distribution. In stark
contrast, the target device undergoes
nearly complete degradation after just
one week of storage. While the control
device, with a random distribution,
exhibits better

observations can be elucidated using

stability. These

time-of-flight secondary-ion mass
spectrometry (TOF-SIMS) technology to
visualize (Figure 5G, 5H and Figures S44-

546).

Solutions to Facet Heterogeneity

Based on our findings regarding the
detrimental effects of facet distribution
from the perspectives of band alignment
and ionic boundaries, it is evident that
facet heterogeneity driven by uneven
facet distribution is the underlying factor

determining device performance. To
emphasize this factor, we explored the
effect by varying the Csl content to the
perovskite composition. In Figure 6A-6B,
color-mapped XRD patterns were used to
visualize the intensity variations of Pbl,
in the first step and the corresponding
(111)/(100) facet ratio of the perovskite
in the second step. The magnitude of the
induced by
compositional tuning effectively reflects

variation range
the tolerance of solvent regulation to

facet heterogeneity—the larger the
range, the lower the tolerance, and the
less favorable it is for achieving uniform
facet distribution. It is observed that
ternary solvent regulation strategies
easily promote higher (111) dominances
in the color mapping, but this comes at
the cost of lower tolerance to facet
heterogeneity (Figure 6C). Notably, as
the mixed solvent ratio increases, the
variation in facet ratio becomes more
pronounced. In contrast, binary solvent
(DMF/DMSO or DMF/NMP)

exhibit the smaller range of variation,

systems
highlighting that even with random
orientation under control conditions, a
relatively uniform facet distribution aids
in tolerating facet heterogeneity. This
also demonstrates that the disordering
effects induced by solvents should not
be simply understood as a disruption of
randomized nucleation but rather as a
critical factor that exacerbates facet
heterogeneity. Additional evidence of
solvent-regulation-induced facet
heterogeneity can be found in Figures

S547-548.



Furthermore, the peak intensity of Pbl,
does not align completely with the (111)/
(100) suggesting
influence from compositional regulation.

variation, another
In addition to adjusting lead iodide and

corresponding ammonium salts,
composition regulation also involves the
additives.

(CsTFA)

was used as a composition additive. We

introduction of additional

Here, cesium trifluoroacetate
introduced varying molar percentages of
CsTFA additives into the target devices
to establish a correlation. As shown in
Figure 6D and 6E, the addition of CsTFA
gradually shifted the orientation from
(111)-dominant to (100)-dominant,
leading to corresponding changes in
PCE. Detailed of photovoltaic parameters
are provided in Figure S50. The change
in PCE is not a simple improvement but
rather first decreases and then
increases, showing a distinct trend. We
utilized GIWAXS
identify the
pattern (Figure S51). It can be seen that

characterization to
underlying evolutionary
the intensity variations of the (111) and
(100) facets are roughly opposite. When
of both
comparable, the PCE

the intensities facets are
reaches its
minimum value, coinciding with the peak
value of facet heterogeneity in Figure 6F.
And the PCE plot clearly shows two
distinct

equivalent circuits.

Subsequently, CsTFA
content made compositional regulation

increasing the
dominate over solvent
suppressing

and achieving a higher PCE than that of

regulation,
ultimately heterogeneity
the target. This finding is consistent with
the rationale behind using additives in
traditional literature—introducing
appropriate additives can reduce facet
heterogeneity. The long-term stability
test of the devices also demonstrates
improvement (Figure S52). While the
target condition enhances the (111)
orientation, it simultaneously introduces
severe facet heterogeneity. The

CsTFA

heterogeneity, and

incorporation  of effectively
mitigates  this
experimental results confirm that facet
heterogeneity plays a more critical role
in  device performance than facet
orientation alone. This shift in focus
directs our work toward examining the
non-dominant facet
Other

regulation

impact of
factors, such as
(Figure S53),
exhibit similar trends. This study also

distribution.
temperature

indirectly challenges the feasibility of
utilizing mixed facet heterojunctions in
bulk for fabricating solar cells. The
heterofacet

concept of utilizing

structures to drive photocarrier

separation remains

(Figure S54).

to be explored



XRD Intensity of the first step-Phl,

XRD Intensity of Perovskite(111)/(100)

$ % C
3 et e 28w s amw s ses } 57 o o o 1 I Po,
< ] Z
Id = c
S o I S -/ I .
o [ o [ =
S s 5 T T T T T
z s - z - 5 [T e
o o c
(%] @ <
1 1
g 5 g 5 - o I
=] »% °
I . T P I . T P 90:00 7515 60:30 4545 00:125
Csl (mol%) Csl (mol%) DMSO:NMP (v:v)
D . F 25
(100) (111)T e 0% CSTFA ( =@=(100) 1
"y 1 A —=0= (111) ' 201
= Rk 19% CSTFA - 0\ & 15
< + - < 9, £ .
: :I: l l e 206 CSTFA ; Q. ° : 10 Tgllzoﬂ
= : i = . o
g b H A A g . / \O £ 5 oo
] o
S| 4l N et E °. ~ o 14.04%
I LT | emmm4% CSTFA 54
.l ol o— ®1 20.14%
ki -10
10 20 30 40 50 0 1 3 4 00 02 04 06 08 1.0 12

2 Theta (degree)

Amount of CSTFA (mol%)

VDC (V)

Figure 6. (A-B) The color-mapped XRD pattern of Pbl, intensity and perovskite
orientation as a function of different solvent ratio and Csl amount. (C) The variation
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3. CONCLUSION

In  summary, we systematically
investigated the overlooked role of non-
dominant (100)
(111)-dominated
demonstrating that facet heterogeneity
both PCE and
stability. Contrary to the assumption that
(111)

device

facet distribution in
perovskite films,

significantly impacts

stacking facets inherently

enhances performance, our
findings reveal that charge accumulation
induced by the uneven distribution of
(100)

photoelectric property. We established a

facets can adversely affect

clear and interconnected relationship
between facet distribution and device
performance, providing a pathway to
enhance the quality of PSCs by strategic
facet management. By elucidating the
growth mechanism with intermediate
phase, this study investigates solvent-

orientations interactions, challenging the

view that random
triggered by
removal. It reveals that the disordering
effects induced by solvents will disrupt
facet distribution due to the subsequent
uncontrollable growth.
Subsequent regulation
effectively heterogeneity,
leading to comprehensive improvements
in  both PCE and stability. This
demonstrates  that compared to
achieving highly enhanced preferential
orientation, regulating
heterogeneity plays a more crucial role
in  optimizing performance.
Finally, the deepens the
understanding of the complex interplay
between factors influencing orientation,
such as composition, temperature, and
solvent, providing valuable insights for
regulating the facet heterogeneity for
uniform perovskite films.

conventional

nucleation is solvent

crystal
additive
reduced

facet

device
study



4. EXPERIMENTAL SECTION

4.1. Materials. Anhydrous
Dimethylsulfoxide (DMSO, 99.9%), N-
methyl-2-pyrrolidone (NMP, 99.9%), and
N,N-dimethylformamide (DMF, 99.8%),
isopropanol 99.5%)
purchased from Sigma-Aldrich. Tin oxide
(Sn0O,,
15% in H20 colloidal dispersion) was

(anhydrous, were

nanoparticle colloid precursor

purchased from Alfa Asear.
Formamidinium iodide (FAIl), cesium
iodide (Csl), methylammonium iodide
(MAI), lead iodide (Pbly),
methylammonium chloride (MACI),
phenethylammonium iodide (PEAI),

cesium trifluoroacetate (CsTFA, BioUltra,
=99.0%), 2,2',7,7'-Tetrakis (N,N-di-
pmethoxyphenylamine)-

9,9'spirobifluorene (Spiro-OMeTAD) were
purchased from Xi'an Polymer Light Co.
Ltd. 4-tert-butyl pyridine (TBP) and
lithium bis(trifluoromethane) sulfonimide
(Li-TFSI) were purchased from Shanghai
Aladdin Biological Technology Co. Ltd. All
these commercially available materials
further

were used without any

purification.

4.2 Preparation for solutions. For
the preparation of the Pbl, precursor
solution, Pbl, (691.5 mg), Csl(13mg)
were dissolved in 910 puL of DMF mixed
with 90 uL of DMSO to obtain the Pbl2
precursor solution for the control
(DMF/DMSO). For the DMF/DMSO/NMP
the Pbl, precursor
solution was prepared by partially
substituting DMSO with NMP, with the
ratios of DMF:DMSO:NMP varying from
910:90:0 to 910:45:45. When the
amount of NMP in the ternary solvent
45 uL, Pblz may

ternary solvent,

system exceeds

precipitate or fail to dissolve completely.
Proper adjustment of the solvent ratios is
crucial, with the DMF:DMSO:NMP ratios
varying from 875:00:125 to 875:60:65.
For the DMF/NMP binary solvent, it
should be noted that the solubility of
NMP for Pbl, is lower than that of DMSO,
so that Pbl; (599.3 mg), Csl(13mg) were
dissolved in 875 pyL of DMF mixed with
125 pL of NMP and stirring at 60°C until
complete dissolution. For the preparation
of the organic ammonium salt precursor
solution, a mixture of FAI (90 mg), MAI
(6.5 mg), MACI (9 mg), were dissolved in
1 mL IPA with stir at room temperature
for 2 h. To prepare the Spiro-OMeTAD
solution, 72.3 mg of Spiro-OMeTAD was
dissolved in 1 mL of CB, which contained
29 puL of TBP and 17.5 pL of LIiTFSI (520
mg/mL).

4.3 Device fabrication. The ITO-
coated glass substrate was ultrasound in
deionized water, ethanol, isopropanol,
and ethanol for 30 minutes each,
respectively. The substrate was then
dried with a nitrogen gun and treated
with ultraviolet ozone for 30 minutes.
The SnO, precursor solution (1:4 volume
ratio of SnO, colloidal solution to
deionized water) was spin-coated on the
ITO glass at 4000 rpm for 30 s, and the
corresponding SnO; film was annealed at
150°C for 30 minutes. Prior to spin-
coating, the substrate was treated with
ultraviolet ozone for 20 minutes to
improve wettability and then transferred
to a glove box. During the first step, the
Pbl, was spin-coated on SnO, substrate
at 1500 rpm for 30 s and then annealed
at 70°C for 1 min. During the second
step, the organic salt solution was spin-

coated on the room temperature Pbl,



films at 2000 rpm for 30 s. After spin
coating, annealing at 90 °C for 30s, 150

°C for 15 min in N, atmosphere.
Subsequently, for post-fabrication
surface treatment, 5mg PEAI were

dissolved in IPA and filtered before use,
and 80 pL solution was spin-coated on
the perovskite films at 5000 rpm for 30
s, followed by annealing at 100°C for 5
min. After cooling to room temperature,
35 uL of the Spiro-OMeTAD solution was
spin-coated at 3500 rpm for 30 seconds
to form the HTL. Finally, approximately
100 nm of Au was thermally deposited
on the Spiro-OMeTAD layer under a
pressure of 7x10* Pa, and the devices
were oxidized for 24 hours. The active
area of each device was 0.04 cm?.

4.4 Material characterizations. The
ultraviolet-visible (UV-Vis) spectra of the
perovskite films were collected using a
UV-2600 spectrophotometer. Ultraviolet
spectroscopy (UPS)
measurements were taken using the
Thermo ESCALAB 250XI. Pole Figure and
Inverse pole Figures (IPF) were used to

photoelectron

obtain texture and crystallographic
(PANalytical,
(XRD),

diffraction

information  of  films
Smartlab).
grazing
(GIXRD)

were obtained using the Smartlab with a

X-ray diffraction

incidence  X-ray

patterns of perovskite films

scan rate of 20°/min. Grazing-Incidence
Wide-Angle X-Ray Scattering (GIWAXS)
data were collected at the Beamline
BL14B1 at the Shanghai Synchrotron
(SSRF)
incident photon energy of 10 keV
(wavelength of 1.2398 A) based on
different
exposure time of 30 seconds. Scanning

Radiation Facility using an

incident angles and an

electron microscopy (SEM) images and

Energy-dispersive spectroscopy (EDS) of
the films were captured using the JSM-
7800F SEM
acceleration

instrument  with an
voltage of 3 kV.
Transmission electron microscopy (TEM)
were measured using the JEOL JEM
2100F instrument. Atomic Force
Microscopy (AFM), conductive-AFM (C-
AFM) and Kelvin Probe Force Microscopy
(KPFM) were carried out on a Bruker
Dimension ICON.

4.5 Device characterizations.
Photovoltaic performance measurements
were conducted under 1sun intensity
(100 mW/cm?)

based solar simulator (3A, Enli Tech). The

using a xenon-lamp-

intensity of the solar spectrum was
using a
silicon solar cell (Enli Tech.). The device

calibrated monocrystalline
was measured in reverse scan (1.2 V--
0.1 V) and forward scan (-0.1 V-1.2 V),
with a voltage step of 0.02 V and delay
time of 2 ms, using a Keithley 2400
(Keithley
Electrical impedance spectroscopy (EIS)

source meter Instrument).
plotting of all devices was carried out
with a frequency range from 10° Hz to
0.01 Hz on the Zahner electrochemical
workstation. The Nyquist plots of these
devices were obtained under dark with

an applied bias voltage of 10 mV.

4.6 Computational methods. We
constructed the FAI/Pbl; -terminated
(100)/(111) surfaces for FAPbI; with a
vacuum of 20 A to separate neighboring
surfaces in the First-
principles calculations based on density
functional theory (DFT) were carried out
using the Vienna Ab initio Simulation
Package (VASP).?> The generalized
gradient approximation (GGA) of Perdew-

z-direction.



Burke-Ernzerhof (PBE)
employed as the exchange-correlation
functional.?®® The DFT-D3 method was
adopted for the van der Waals (vdW)
correction,?” and the dipole correction for

functional was

the slab calculations was applied. The
plane-wave cutoff energy of 450 eV was
used. The Brillouin zone was sampled
using a single gamma point for the (100)
2x1x1 mesh grid
(111)
force

surface, and a
centered at gamma for the
energy and
convergence criteria were set to 107> eV
and 0.03 eV-A,
adsorption energies (AE.ss) of additives
with  the
calculated as Emoypvsk — Epusk -

surface. The

respectively. The

perovskite surface were
Emoi, Where
Emolpvsks Epvsk, and Emo are the total
energies of the adsorption system, the
adsorbate

perovskite system and

molecules, respectively.
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